ABSTRACT: A series of hybrid compounds based on the natural products artemisinin and thymoquinone was synthesized and investigated for their biological activity against the malaria parasite Plasmodium falciparum 3D7 strain, human cytomegalovirus (HCMV) and two leukemia cell lines (drug-sensitive CCRF-CEM and multidrug-resistant sub-line CEM/ADR5000). An unprecedented one-pot method of selective formation of C-10α-acetate 14 starting from a 1:1 mixture of C-10α-to C-10β-dihydroartemisinin (DHA), was developed. The key step of this facile method is a mild decarboxylative activation of malonic acid mediated by DCC/DMAP. Ether-linked thymoquinone-artemisinin hybrids 6a/b stood out as the most active compounds in all categories, while showing no toxic side effects towards healthy HFFs and thus being selective. They exhibited EC50 values of 0.2 µM against the doxorubicin-sensitive as well as the multidrug-resistant leukemia cells and therefore can be regarded as superior to doxorubicin. Moreover, they showed to be 5 times more active than the standard drug ganciclovir and nearly 8 times more active than artesunic acid against HCMV. In addition, hybrids 6a/b possessed excellent antimalarial activity (EC50 =5.9/3.7 nM), which was better than that of artesunic acid (EC50 = 8.2 nM) and chloroquine (EC50 = 9.8 nM). Overall, most of the presented thymoquinoneartemisinin based hybrids exhibit an excellent and broad variety of biological activities (anticancer, antimalarial, antiviral) combined with a low toxicity/high selectivity profile.
Introduction
Over the last decade, the hybridization of natural products turned out to be a highly fruitful strategy for medicinal chemistry and drug design. [1] [2] [3] Not only does it keep synthetic effort at a minimum and thus is relatively time and cost saving, but it also can improve upon pharmacological properties of the parent compounds such as increased biological efficacy, reduced undesired side effects, a modified selectivity profile (lower toxicity), better bioavailability and addition of completely new biological features that were absent in the parent compounds. 1, [3] [4] [5] Artesmisinin (1), an enantiomerically pure sesquiterpene containing a 1,2,4-trioxane ring, which was extracted from the Chinese medicinal plant Artemisia annua L. in 1972 by Youyou Tu (Nobel Prize 2015), 6 and thymoquinone (3) (Figure 1 ), a naturally occurring phytochemical compound, which is the main constituent of the volatile oil of Nigella sativa (black seed) and was first isolated in 1963 by El-Dakhakhany, 7 both exhibit great pharmacological potential as anticancer agents. 8, 9 In addition, artemisinin also possesses great antimalarial and antiviral properties just like its semi-synthetic derivative artesunic acid (2) (Figure 1 ). [10] [11] [12] For that reason and also motivated by our previous studies applying the hybridization concept using artemisinin derivatives, [13] [14] [15] we recently synthesized and published 7 novel thymoquinone-artemisinin hybrids 4-6 (Figure 2 ), which were investigated for their anticancer potential and indeed some of those compounds were highly active and selective towards colon cancer outperforming their parent compounds. 16 Following this study, we herein present the synthesis of 5 additional thymoquinone-artemisinin hybrids 7-10 ( Figure 2 ) and investigate for the first time all 12 compounds against leukemia, malaria and HCMV. 
Results and Discussion

Chemistry
The synthesis of hybrids 4, 5 and 6 was already described in our previous study (where the compounds were studied against colon cancer)
16 and the synthetic results are summarized in Scheme 1. Notably, during the course of the current study we found an unprecedented method of selective formation of C-10α-acetate 14 (precursor for the synthesis of ether-linked hybrids 6a/b) starting from a 1:1 mixture of C-10α-to C-10β-dihydroartemisinin (DHA). Instead of using a standard acetylation procedure with acetic anhydride, pyridine and DMAP, 17 we performed the reaction of DHA with malonic acid, DCC and DMAP and obtained the desired product 14 in 85% yield (Scheme 1). The key step of this novel method is a mild decarboxylative activation of malonic acid (Scheme 2). Notably, decarboxylative activation of malonic acid derivatives usually proceed under harsh thermal conditions 18, 19 or by using copper-catalyzed 19 and enzyme-catalyzed 20 methods. Routes towards decarboxylative activation of malonic acid under mild conditions are still few: one known method uses N,N'-carbonyldiimidazole (CDI) 21 and the second one applies 1-(methylsulfonyl)-1H-benzo[d] [1, 2, 3] triazole in combination with Et3N. 22 The mechanism of the developed reaction might be similar to the one proposed in literature for the decarboxylative acylation of O-, N-nucleophiles using 2,2-disubstituted malonic acids and 1-(methylsulfonyl)-1H-benzo[d] [1, 2, 3] triazole. 22 The authors suggested that upon reaction of malonic acid with benzotriazole derivative in the presence of Et3N an unstable intermediate forms, which after release of CO2 can be attacked by a corresponding nucleophile.
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In our case, the monocarbonyl activation of malonic acid is mediated by DCC/DMAP, while DHA represents the nucleophile and can react with reactive amide formed after the decarboxylation step (Scheme 2). The formation of the 10α-isomer is favored, most probably because the C-9 methyl group acts as steric hindrance, which makes a reaction of 10β-DHA with activated malonic acid less possible. The high yield (85%) for C-10α-acetate 14 can be explained by an C-10β  C-10α interconversion, presumably through an aldehyde-alcohol intermediate in solution (Scheme 2). The advantage of our novel decarboxylative acetylation is that solely the C-10α-isomer is generated, whereas with the literature known method, always a 1:1 mixture of 10α-to 10β-isomer is formed. 13 This is remarkable, because DHA itself was applied in form of a 1:1 mixture of 10α-to 10β-DHA. This kind of chiral enrichment under mild conditions might render itself as highly useful for synthesis of different enantiomerically pure dihydroartemisinin derivatives, as the reaction should also work in the same way with 2,2-disubstituted malonic acids.
The preparation of artesunic acid based hybrids 7a/b, in which TQ acts as a linker, was achieved in 72%/65% yield by performing a Steglich esterification reaction between two molecules of artesunic acid and one molecule of TQ diol 13 (Scheme 1). DCC and DMAP were utilized as coupling agents. The diol 13 was synthesized by applying the same method as used for the monohydric alcohols of TQ 11 (Scheme 1): TQ and different sodium hydroxyl carboxylate salts 18 (which were obtained in quantitative yield by simple ester hydrolysis of commercially available lactones 17) were treated with (NH4)2S2O8 and catalytic amounts of AgNO3 in a mixture of water and acetonitrile. This procedure was already reported in literature in the context of synthesis of other TQ derivatives. 23 In order to get the diol 13 in reasonable amounts, at least 2.0 equivalents of the carboxylate salts have to be applied. To be able to compare the effect of the placement of two artemisinin moieties around the TQ subunit on biological activity, we also synthesized the artemisinin-derived dimer-TQ hybrid 8, where both artemisinin subunits are connected to only one side of TQ. Again Steglich esterification using TQ alcohol 11b and artemisinin-derived dimer carboxylic acid 15 applying DCC and DMAP as reagents afforded the desired product in 73% yield. Artemisinin-derived dimer 15 was prepared according to a published protocol and was chosen as starting material, 24 because its core-structure was found to be highly beneficial for antimalarial and anticancer activity leading to the synthesis and extensive studies of a series of similar compounds, some of which turned out to belong to the most active compounds among artemisinin-derived dimers presented so far in literature. 25 This is supported by the positive results we were able to obtain from our own research, when applying a similar artemisinin-derived dimer for the synthesis of trimers, which showed excellent anticytomegaloviral and antileukemia efficacies. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 In order to investigate the radical scavenging effect of fullerene on thymoquinone-artemisinin hybrids, a Bingel-Hirsch reaction was performed between TQ-artesunic acid hybrid 9, which contains a malonyl moiety, and fullerene (C60), resulting in the desired product 10 with a yield of 30% after 3 days. DBU was applied as base, CBr4 as reagent and toluene as solvent. The starting compound 9, necessary for this procedure, was obtained in 30% yield by reaction of malonyl chloride, TQ alcohol 11a and artesunic acid derived alcohol 16, which in turn was prepared by Steglich esterification of artesunic acid and ethylene glycol in 91% yield. The malonylation reaction was promoted by pyridine as base and was conducted in CH2Cl2 as solvent. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 2.2 Biological activity of the hybrids 2.2.1 Cytotoxicity towards sensitive CCRF-CEM and multidrug-resistant CEM/ADR500 leukemia cells
The cytotoxic potential against wild-type CCRF-CEM and multidrug-resistant P-glycoprotein overexpressing CEM/ ADR5000 human leukemia cells was investigated for hybrids 4, 6-10 as well as their parent compounds artesunic acid/artemisinin and thymoquinone (Table 1) . Doxorubicin, a clinically used drug, served as a fourth reference compound in order to evaluate the effectiveness of the hybrids towards the resistant cells. All hybrids except hybrid 10 show a moderate to good antileukemic effect against both the doxorubicin-sensitive and doxorubicin-resistant cell lines with EC50 values in the micromolar to submicromolar range (EC50(CCRF-CEM) = 0.0027-6.071 µM; EC50(CEM/ADR5000) = 0.2-5.663 µM), which in all cases is better compared to that of artemisinin (EC50(CCRF-CEM) = 36.90 µM; EC50(CEM/ADR5000) = 26.90 µM). The best overall performance was observed for ether-linked thymoquinone-artemisinin hybrids 6a/b and artesunic acid based hybrid 7a, which showed the same high efficacy towards the doxorubicin-resistant (EC50(CCRF-CEM) = 0.2/0.3 µM) as against the doxorubicin-sensitive (EC50(CEM/ADR5000) = 0.2 µM) leukemia cells and therefore can be regarded as superior to doxorubicin, because this drug already shows some loss of activity due to multidrug resistance (EC50(CCRF-CEM) = 0.009 µM; EC50(CEM/ADR5000) = 23.27 µM). Strikingly, dimer 7b, where one additional CH2 group is introduced on each side of the thymoquinone linker subunit, is approximately 30 times less active than dimer 7a. This result indicates that linker length plays a crucial role for the antileukemia activity of artemisinin dimers, where thymoquinone is applied as a spacer molecule. This effect was not observed for the compounds containing only one artemisinin subunit. No matter how long the spacer between the two pharmacophores in hybrids 4 or 6 is, the EC50 values stay almost the same. Interestingly, in our previously published results, the linker length also was important for the anticancer activity towards colon cancer cells of thymoquinoneartemisinin hybrids with only one artemisinin moiety. 16 Thus, the influence of linker length seems to be specific to certain cell lines or cancer types, which in turn may suggest that for each cancer cell line different mechanisms or targets may be involved. As expected, hybrid 10 containing a fullerene moiety was not active at all, unlike its precursor 9, which clearly showed a relatively strong antileukemia effect. This can be seen as another proof that the biological activity of the artemisinin moiety is mediated via radicals, as fullerene is well-known for its radical scavenging and antioxidant properties. 26, 27 [a] EC50 values for both leukemia cell lines have been previously reported for doxorubicin 28 and artemisinin. 14 [b] EC50 value against HCMV has been previously reported for ganciclovir, 29 artemisinin, dihydroartemisinin 15 and artesunic acid. 30 [c] Microscopically detectable cytotoxicity approx. 50% at 1 µM, no antiviral activity detectable (ctx/nd).
[d] EC50 values have been previously reported. 14 [e] Compound 10 precipitated in the used media. Therefore, the respective EC50 could not be determined unambiguously.
In vitro inhibitory activity towards HCMV in primary human fibroblasts
The antiviral activity of hybrids 4-10 was determined for HCMV, strain AD169-GFP. This recombinant virus expresses the green fluorescent protein (GFP) that can be reliably utilized to quantitate viral replication (Table 1) . Infection experiments were performed with cultures of primary human foreskin fibroblasts (HFFs) and measurements of antiviral activity were carried out according to a previously established protocol. 31, 32 Artesunic acid (2) and ganciclovir were applied as reference compounds and both exerted strong anti-HCMV activity at EC50 levels of 5.41 µM and 2.60 µM, respectively. The most active compounds were again ether-linked hybrids 6a/b and thymoquinone-bis-artesunic acid hybrid 7a with EC50 values of 0.63/0.56/0.69 µM thus showing substantially higher antiviral activity in vitro than the reference drugs ganciclovir and artesunic acid. Surprisingly, the thymoquinone-bis-artemisinin hybrids 7b and 8 turned out to be partially cytotoxic towards HFFs within the analyzed range of concentrations, so that in these cases no EC50 values could be determined. Other hybrids of this series 4-6/9, i.e. those exclusively containing one artemisinin subunit, were selectively inhibitory towards HCMV without showing cytotoxic side effects, which is an important prerequisite for putative further antiviral development. Similar to the findings obtained for antileukemia activity, the fullerenecontaining hybrid 10 was inactive against HCMV, while its precursor 9 showed activity.
Antiplasmodial activity
All synthesized hybrids 4-10 were investigated in vitro for their potential antimalarial activity towards Plasmodium falciparum 3D7 and compared to their parent compounds artesunic acid (2)/dihydroartemisinin and thymoquinone (3) as well as the standard drug chloroquine (Table 1) . Overall, it can be stated that all hybrids exhibit excellent antimalarial activities with EC50 values within the nanomolar range (3.7-54 nM). Compounds 4, 6, 7a and 9 were even more active than the reference compounds artesunic acid (EC50 = 8.2 nM) and chloroquine (EC50 = 9.8 nM) with ether-linked hybrid 6b being once again the most effective one (EC50 = 3.7 nM). The relationship between antimalarial activity and linker length seems to be dependent on the type of linkage and compound type (artemisinin monomer or dimer). For example, for thymoquinone-artesunic acid hybrids 4 linker length had nearly no effect on activity, while for compounds 5, which contain a C-10 non-acetal linkage, a longer linker was able to improve antimalarial activity by a factor of 3. In contrast, for artemisinin dimers 7, a shorter linker was more beneficial. Moreover, thymoquinone-artesunic acid hybrid 9 (EC50 = 4.4 nM) again lost its activity, when fullerene was attached to the malonyl moiety forming hybrid 10 (EC50 ≥ 341 nM).
Conclusion
In conclusion, we were able to expand upon our previously published results of thymoquinone-artemisinin based hybrids 4-6 by synthesizing five additional ones 7-10 and investigating all hybrids for the first time for their in vitro biological activity against malaria parasites (P. falciparum 3D7), two leukemia cell lines (CCRF-CEM and CEM/ADR5000) and HCMV. During the course of our study, we developed an unprecedented one-pot method of exclusive formation of C-10α-acetate 14 (needed as a precursor for the synthesis of ether-linked hybrids) starting from a 1:1 mixture of C-10α-to C-10β-DHA. Important steps in the mechanism of this one-pot process are: (1) monocarbonyl activation of malonic acid with DCC/DMAP; (2) decarboxylation resulting in N-acetyl-4-(dimethylamino)pyridine salt; (3) nucleophilic substitution by DHA (DMAP serves as a leaving group, Scheme 2).
Among tested hybrids 4-10, ether-linked thymoquinoneartemisinin hybrids 6a/b stood out as the most active compounds in all categories, while showing no toxic side effects towards healthy HFFs and thus being selective, which is one of the most important aspects for drug development. They exhibited an EC50 value of 0.2 µM against the doxorubicin-sensitive as well as the multidrug-resistant leukemia cells and therefore can be regarded as superior to doxorubicin. Concerning the antiviral potential, several of the compounds (e.g. hybrids 5a, 6a/b and 7a) showed a substantially higher anti-HCMV activity than the reference drugs ganciclovir and artesunic acid. In addition, hybrids 6a/b possessed excellent antimalarial activity (EC50 =5.9/3.7 nM), which was better than that of artesunic acid (EC50 = 8.2 nM) as well as chloroquine (EC50 = 9.8 nM) and comparable to that of dihydroartemisinin (EC50 = 2.4 nM). Another interesting finding is that when a fullerene moiety was attached to hybrid 9 the compound lost completely its biological activity. This might be another proof that the mechanism of action of artemisinin compounds is mediated via radicals. The presented results provide an insight into how linker length effects biological activity. However, no general trend could be deduced. It depends on many different factors such as the type of linkage, the compound type (artemisinin dimer or monomer) and the investigated cell lines/parasites/viruses or disease, whether linker length has an effect or not and whether a shorter or longer linker is more beneficial. In summary, it can be said that thymoquinone-artemisinin hybrids 6a/b have the potential to become drug candidates, as they exhibit an excellent and broad variety of biological activities (anticancer, antimalaria, antiviral) combined with a low toxicity/high selectivity profile.
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